EDG-1, encoded by the endothelial differentiation gene-1, is a heterotrimeric guanine nucleotide binding protein-coupled receptor (GPCR) for sphingosine-1 -phosphate (SPP) that has been shown to stimulate angiogenesis and cell migration in cultured endothelial cells. Unexpectedly, EDG-1 knockout embryos had a normal blood vessel network, vasculogenesis and angiogenesis, but died in utero owing to massive haemorrhaging as a result of failure of smooth muscle cells and pericytes to migrate around the circumference and reinforce endothelial tubes [Liu, Wada, Yamashita, Mi, Deng, Hobson, Rosenfeldt, Nava, Chae, Lee, et al. (2000) J. Clin. Invest. 106, 951-9611. This vascular maturation defect is similar to the phenotype of mice homozygous for disrupted alleles of platelet-derived growth factor B-subunit homodimer (PDGF-BB) or its receptor PDGFR-P. We found that fibroblasts from EDG-1 null embryos did not migrate toward P D G F or SPP, and inhibition of motility correlated with defective activation of the small guanosine triphosphatase Rac, which is required for lamellipodia formation and directional locomotion [Hobson, Rosenfeldt, Barak, Olivera, Poulton, Caron, Milstien, and Spiegel (2001) Science 291, 1800-18031. Moreover, we showed that PDGF-directed cell migration requires both sphingosine kinase activation and expression of EDG-1, suggesting a functional link between P D G F signalling and EDG-1. Indeed, treatment of wild-type cells with P D G F transactivated EDG-1 as determined by translocation of Parrestin and phosphorylation of EDG-1. These
Introduction
T h e recent discovery that sphingosine-1 -phosphate (SPP) is the extracellular ligand for EDG-1, EDG-3, EDG-5, EDG-6, and EDG-8 has elicited a new interest in this sphingolipid metabolite [ 
13.
T h e best studied of these guanine nucleotide binding protein-coupled receptors (GPCRs) is EDG-1, which is implicated in cell migration, and angiogenesis [ 1-31. A breakthrough in our understanding of the physiological function of EDG-1 emerged recently from studies of the effect of disruption of the edg-1 gene in mice by Proia and co-workers [4] . Although EDG-I --embryos died between E12.5 and E14.5 as a result of severe haemorrhaging, surprisingly, these mutant embryos had a substantially normal blood vessel network, and vasculogenesis and angiogenesis appeared normal. This phenotype is a result of arrested vascular maturation characterized by the failure of mural cells -vascular smooth muscle cells and pericytes -to migrate around endothelial blood vessel precursors [4] . T h e immature vessels in EDG-1 knockout mice are eventually unable to hold blood pressure as embryogenesis progresses.
Interestingly, platelet-derived growth factor-BB (PDGF-BB) or platelet-derived growth factor receptor$ (PDGFR-P) knockout mice display a similar haemorrhagic phenotype [5, 6] . Since P D G F causes sphingosine kinase activation and intracellular SPP increases in many cell types [ 1, 7] , we hypothesized that cross-talk between P D G F and SPP-EDG-1 signal transduction might be required for these embryonic cell movements. Our recent results elucidate a novel mechanism involving communication between a tyrosine kinase receptor, PDGFR, and GPCRs [8] that may be essential for vascular maturation.
Enzymes that Regulate Lipid Metabolism in Cell Signalling
Role of EDG-I in SPP-and PDGF-directed cell migration HEK 293 cells, MEF cells and ASMC cells were transfected as indicated with either a vector plasmid. an EDG-I plasmid, an EDG-I sense oligonucleotide, or an EDG-I anti-sense oligonucleotide. Cells were assayed for migration in a modified Boyden apparatus containing control media, or control medium containing either 10% foetal bovine serum, 20 ng/ml PDGF. I00 nM SPP. or I0 pg/ml fibronectin in the bottom chamber. Cells were placed in the top chamber, and cells migrating into a collagen-coated membrane were counted after incubation at 37 "C for I 2 h. Similar results were obtained in at least three independent experiments and samples statistically different from controls are indicated by an asterisk (P < 0.05 by analysis of vanance). ND, no data: W. 
Results and discussion
Human embryonic kidney (HEK) 293 cells expressing only EDG-3 and EDG-5 did not migrate toward SPP unless EDG-1 was over-expressed [2] . Enforced expression of EDG-1 also promoted motility toward PDGF-BB. In contrast, chemotaxis toward serum and fibronectin was unaffected ( Table 1) . Mouse embryonic fibroblasts (MEFs) expressing transcripts for EDG-1, EDG-3, and EDG-5, but not EDG-6 or , migrated toward PDGF-BB but exhibited reduced motility when edg-1 was deleted [8] (Table 1) . EDG-1 null MEFs showed a more modest decrease in migration toward serum, although motility toward fibronectin did not differ from wild-type MEFs, implying that the basic machinery of cell locomotion is not defective in EDG-1 null MEFs.
Since the motility of smooth muscle cells is defective in EDG-1 knockout mice [4], we also studied EDG-1 function in PDGF-directed motility of human aortic smooth muscle cells (ASMCs). Decreasing EDG-1 mRNA expression in ASMC (expressing EDG-1, -3, and -5) by EDG-1 antisense phosphothioate oligonucleotides [3, 8] , abrogated motility toward SPP and also reduced migration toward PDGF, but had no effect on chemotaxis toward serum (Table 1) .
Role of EDG-I in SPP-and PDGF-directed cell migration
HEK 293 cells transfected with a vector plasmid (HEK-vector) or with an EDG I plasmid (HEK-Edg I). and MEFs were pre-treated with control media containing either I0 pM DMS for 20 min to inhibit sphingosine kinase. or 200 ng/ml pertussis toxin (PTX) for 2 h. Cells were assayed for migration in a modified Boyden apparatus with control media or control media containing either 20 ng/ml PDGF. Cells were placed in the top chamber, and cells migrating into a collagen-coated membrane were counted after incubation at 37 "C for I 2 h. Similar results were obtained in at least three independent experiments and samples statistically different from control are indicated by an asterisk (P < As in other cell types [1, 7] , sphingosine kinase activity is increased by P D G F treatment in wildtype MEFs and in edg-1-deleted fibroblasts [8] . We used N,N-dimethylsphingosine (DMS), a competitive inhibitor of sphingosine kinase [9] , to determine whether PDGF-stimulated accumulation of SPP is required for PDGF-directed cell motility. D M S abrogated PDGF-induced motility of wild-type MEFs but had no effect on receptor tyrosine phosphorylation after P D G F treatment [8] . In agreement with its inability to interfere with binding of SPP to EDG-1 and its activation [lo] , D M S did not significantly affect chemotaxis of cells toward a gradient of SPP (data not shown). Moreover, formation of SPP as well as PDGF-directed chemotaxis in EDG-1 -overexpressing HEK 293 cells was blocked by D M S ( Table 2) . As these data indicated a possible link between P D G F and EDG-1 signalling, cells were pretreated with pertussis toxin to inactivate G,, the trimeric G-protein to which EDG-1 mainly couples. Pertussis toxin treatment inhibited PDGF-induced chemotaxis of both wild-type MEFs and EDG-1 overexpressing HEK 293 cells (Table 2) , further confirming the importance of EDG-1 for PDGF-induced cell motility.
EDG-1.
Because pertussis toxin impaired motility toward PDGF, it was important to determine whether PDGFR expression or activity was altered in the absence of EDG-1 signalling. Western blotting experiments showed that PDGFstimulated receptor tyrosine phosphorylation was identical in wild-type compared to EDG-1 null fibroblasts [8] . Similarly, it was important to determine whether Rac, a small GTPase that is activated by PDGF, which is required for leading edge formation and cell migration [l 13, was activated in EDG-1 null fibroblasts. We found that PDGF-BB caused a rapid increase of GTP-bound Rac in wild-type MEFs, but not in EDG-1 null cells. Moreover, D M S blocked PDGF-induced Rac activation in wild-type fibroblasts. Taken together, these results suggest that P D G F requires EDG-1 and sphingosine kinase to stimulate Rac. Thus, Rac may function to integrate PDGFR and EDG-1 signalling required for cell migration.
Collectively, these results suggest that EDG-1 is necessary for PDGF-mediated chemotaxis. T o substantiate the idea that binding of P D G F to its receptor stimulates sphingosine kinase activity resulting in accumulation of SPP, which in turn activates EDG-1, we examined whether P D G F can transactivate and, therefore, phosphorylate EDG-1. Brief treatment with either
Transactivation of EDG-I by PDGF
Model of a new paradigm for intracellular cross-talk between a tyrosine kinase growth factor receptor (PDGFR-B) and a GPCR (EDG-I ) in a mechanism required for cell motility. Activation of PDGFR-/3 by the binding of PDGF-BB stimulates sphingosine kinase (SPHK). which increases SPP levels, which in turn activate EDG-I leading to dissociation of heterotrimeric G, into Ga and Gpy subunits. Activated EDG-I binds t o B-arrestin-I (/?-Am), which in turn recruits C-SK. c-SK activates the small GTPase Rac. Rac then stimulates leading edge formation and cell migration.
Modified from [a] .
PDGF-BB
0 200 I Biochemical Society SPP or P D G F increased phosphorylation of EDG-1 in H E K 293 cells overexpressing EDG-1 and PDGFR, whereas no phosphorylation could be detected in untreated cells or in the absence of EDG-1 [8] .
Many GPCR ligands stimulate growth-factor tyrosine kinase receptors without added growth factors [12] . Although this kind of cross-talk is important for proliferation [12] , our results indicate that cell motility is modulated by a reciprocal mechanism of receptor crosscommunication (Figure 1 ). This conclusion leads to the tantalizing notion that PDGFactivated sphingosine kinase produces SPP in a spatially and temporally specific manner, resulting in localized stimulation of EDG-1, which, in turn activates Rac. Rac signalling derived from PDGF-induced EDG-1 transactivation may then amplify signals setting up a positive feedback loop at the leading edge of the cell, stimulating directed migration. Indeed, recent evidence has shown that EDG-1 and PDGFR-/3 are physically tethered together in HEK 293 cells [13] . Thus, EDG-1 and PDGFR-/3 form a signalling platform that might function as a unit to promote Rac activation and cell migration upon P D G F stimulation.
This 
